This paper presents an analysis of a homogeneous thorium-plutonium fuel cy- Pu fraction in the TOX cycle is much higher, and could be further enhanced for longer irradiations (100 MWd/kg or more).
Introduction
This research focuses on thorium-plutonium fuel cycle options for the Integral Inherently Safe Light Water Reactor (I 2 S-LWR). The I 2 S-LWR concept (Petrovic, 2016 (Petrovic, , 2014 Salazar and Franceschini, 2014 ) is a Gen III+ large scale (i.e. 1 GWe) pressurized water reactor (PWR). The preliminary design of the fuel to increase Pu incineration efficiency has been considered in the past by, among others, Galperin et al. (2000) , Galperin and Raizes (1997) , Shwageraus et al. (2003) , Fridman and Kliem (2011) and Bjork and Fhager (2009) .
These studies have demonstrated improvements in Pu consumption by transitioning to the TOX cycle, with the majority investigating the utilization of Pu fuel in a typical or modified LWR core, assuming typical irradiation periods of ∼50 MWd/kgHM. These irradiation periods were so chosen because, in existing LWRs, discharge burnup is limited primarily by the performance of the Zircaloy cladding, the mechanical properties of which degrade with burnup, and hence limit the maximum achievable fuel burnup.
In the I 2 S-LWR design, an advanced FeCrAl steel is envisioned as the cladding material. There are on-going tests to evaluate its mechanical properties, such as yield strength and ultimate strength, under irradiation. However, a recent study (Terrani et al., 2012) indicates that such cladding materials can withstand longer irradiation periods with much lower degradation of their mechanical properties than standard Zr alloys. Transitioning from Zr to advanced steel alloys offers the opportunity to improve the economic performance of the plant by enabling longer irradiation periods.
However, since longer fuel cycles would require enrichments higher than the existing design limit (i.e. more than 5 w % of 235 U), extending the fuel burnup with enriched UO 2 or U 3 Si 2 in the I 2 S-LWR design is not possible. TOX fuel does not have such limitations and thus offers an alternative solution. An additional advantage of TOX fuel is that 233 U will be continuously produced through neutron captures in 232 Th and in time contributes a significant fraction of the energy produced. This fuel cycle strategy could also replace the current approach to incinerate Pu in the form of MOX -an approach that is inefficient due to the continuous production of Pu from 238 U.
the discharge burnup.
The main objective of the current work is to investigate Pu incineration efficiency for the specific I 2 S-LWR case by extending the burnup beyond 90
MWd/kgHM. This, in turn, will allow considerably more energy to be extracted from 233 U, which is continuously being bred from thorium. Moreover, the Pu burnup would be 'deeper', as the final-to-initial Pu content ratio decreases with burnup. Finally, the Th-Pu fuel cycle is more proliferation-resistant since the fraction of Pu isotopes with high decay heats (i.e. 238 Pu and 241 Pu) increases with burnup. It should also be mentioned that 233 U bred from 232 Th has a certain degree of proliferation self-protection due to high energy γ emitters present in its transmutation chain (Laughter et al., 2002) .
The assessment of the 100% TOX and 100% MOX loaded cores and associated fuel cycles was performed through full 3D modelling of the corresponding cores. The feasibility of nearly doubling the burnup of the I 2 S-LWR fuel through the use of TOX fuel was confirmed. The results indicate that, compared to the traditional MOX approach, the TOX fuel cycle is favourable in terms of core behaviour (e.g. cycle length and power peaking) and Pu incineration.
Calculation methodology
The analysis of the I 2 S-LWR thorium-based core design was performed using the WIMS-PANTHER core physics package. WIMS10 (Newton et al., 2008) was used for lattice data generation by employing a 172-group JEFF3.1-based library. WIMS uses the method of characteristics and collision probability to obtain the transport solution needed to generate homogenised parameters for each fuel type. WIMS has been extensively verified and is capable of modelling fast and thermal systems, see for example Lindley et al. (2016) .
Full-core analyses for both the MOX and TOX fuel cycles were performed with the nodal diffusion code PANTHER (Morrison, 2003) . PANTHER includes a thermal-hydraulic module to solve the heat conduction-convection problem.
In PANTHER, a 3-batch reloading scheme was iteratively applied to both the TOX and MOX core designs until the main core parameters converged and an equilibrium cycle was reached.
The reactor-grade Pu isotopic vector was taken from typical LWR discharge fuel with initial 4.5 w % enrichment (Shwageraus et al., 2003) , 50 MWd/kg burnup and 10 years of cooling following discharge. The plutonium vector is shown in Table 1 . The core design includes fresh and burned assemblies. The assemblies also contain different burnable poison loadings in the form of integral fuel burnable absorber (IFBA). The 10 B concentration used in the IFBA rods is 0.984 mg/cm (2.5 mg/in). Radial assembly loading patterns are used to flatten the core power distribution as depicted in Fig. 1 . Each assembly axially consists of 3.6576 m (144 in) of homogeneous fuel between top and bottom reflectors. The I 2 S-LWR aims to achieve a power density 40% higher than that of a 2-loop Westinghouse PWR core. To achieve this objective, the assembly array was modified to a 19×19 square pitch lattice, as shown in Fig. 1 . The main fuel assembly design parameters are presented in Table 2 . 
Fuel management
The 3-batch I 2 S-LWR thorium core loading pattern (LP) is shown in Fig. 2 .
No LP optimization was performed at this stage. The core LP was adopted from (Zainuddin and Parks, 2015) , with the chosen LP being the one that gives the most negative moderator temperature coefficient (MTC) value. In their work, loading patterns were optimized using a multi-objective genetic algorithm (Parks, 1996) to identify trade-offs between different objective functions (e.g. radial power peaking, discharge burnup, MTC, etc.) and the corresponding LP for each optimized objective. The baseline fuel for their work was thoriumplutonium which allows us to use their findings. Optimizing for different objective functions revealed different LP strategies. In the case of minimizing MTC, especially for high plutonium content fuel, the only way to obtain a negative MTC is to place fresh fuel on the core periphery, with once and twice burnt fuel placed towards the centre of the core. This LP increases core leakage and thus amplifies the negative contribution to MTC following spectrum hardening. This LP appears to be the more favourable even with the use of burnable poisons. This is because the main contributor to positive MTC in these TOX cores is the increase in epithermal fission in 239 Pu. (Table 1 ) was homogeneously mixed with ThO 2 .
The MOX fuel was assumed to be manufactured by mixing the identical Pu vector with depleted UO 2 fuel (0.25 w % of 235 U).
In this stage, 3D calculations were performed by applying the LP described in Fig. 2 . The cycle length was evaluated for each case bearing a different Pu volume fraction. Fig. 3 shows that increasing the Pu volume fraction in the mixture improves the Pu utilization for both the TOX and MOX cycles. This is measured through the initial mass of Pu per unit of energy produced by the fuel. Increasing the PuO 2 volume fraction allows higher burnups to be achieved (Fig. 4) , which, in turn, in the TOX cycle enables efficient breeding of fissile 233 U. The motivation to load a higher initial Pu content is to increase the discharge burnup and lower
Pu requirements per unit of energy generated. Moreover, it can be seen that for PuO 2 volume ratios above 12 v %, considerably higher discharge burnups are achieved in the TOX cycle compared to the MOX cycle. This is a result of a higher build-up of fissile material in the TOX cycle, i.e. 233 U bred from 232 Th (Fig. 5) . The bred 233 U increases the cycle length by contributing to the total energy production. 
where T d is the time to discharge, φ (t) is the flux at time t, Σ f,j (t) is the macroscopic fission cross-section of nuclide j at time t and E f,j is the energy released per fission of nuclide j.
It is important to note that the discharge burnup/time is different for different Pu volume fractions. Fig. 5 shows that increasing the Pu volume in the mixture increases the energy production from 233 U, which is known to have a low build-up rate. However, when the volume fraction of Pu reaches 18 v %, corresponding to a discharge burnup of ∼104 MWd/kg (Fig. 4) , the total energy production from 233 U saturates. This also explains why Pu utilization eventually reaches equilibrium for high initial Pu loadings, as shown in Fig. 3 . 
Determination of Pu loadings
The results of the TOX fuel cycle analysis in the previous section showed that it is worthwhile to use higher Pu fractions due to the resulting better Pu utilization. In this section, 3D full-core analyses for the various Pu volume fractions (i.e. 10-20 v %) were performed for the TOX and MOX cycles. In each case, a different discharge burnup was achieved and then used to extract the Pu concentration at the discharge point. Fig. 6 shows the percentage of Pu burnt for the different initial Pu loadings. These results again underline that there is a strong incentive to increase the Pu volume fraction in the mixture. (1) Increasing the relative fraction of Pu in the mixture from 10 v % to 16 v % improves the Pu incineration efficiency by a factor of ∼2 for both cycles by (more than) doubling the discharge burnups, and improves the Pu utilization by more than 19% and 25% for the MOX and TOX cycles, respectively.
(2) The incineration performance of the TOX fuel cycle is superior to that of MOX. The percentage of Pu burnt per pass can be as high as 30% and 50%
in the MOX and TOX fuel cases, respectively.
(3) The fraction of heat-producing nuclides in discharged fuel (i.e. 238 Pu and 241 Pu) is much higher in the TOX case, which improves the proliferation resistance of the spent fuel. 
Determination of Pu loading limits
Increasing the Pu content in either MOX or TOX helps improve various fuel cycle performance metrics (e.g. economics and fuel utilization). However, the reactor physics characteristics of Pu fuel cycles are different from those of typical UO 2 cycles (Shwageraus et al., 2003; Galperin et al., 2000) . More specifically, high Pu content significantly hardens the spectrum (Fig. 7) , which reduces the reactivity worth of various control materials, such as 10 B (Fig. 8) . Increasing the Pu content in the mixture results in higher excess reactivity, which requires higher boron content in the coolant to maintain core criticality. High boron concentration in the coolant directly impacts the MTC, which eventually becomes positive, as shown in Fig. 9 . It must be pointed out that the integral design eliminates the large break LOCA scenario and hence rules out any issues with positive void coefficient which is usually the case when large Pu quantities are loaded into a conventional PWR core. In other words, under no plausible accident condition the core would be substantially voided. In this section, we identify the practical initial Pu loading for both TOX and MOX fuel cycles in the I 2 S-LWR. This is done by examining the effect of Pu loadings on the MTC, as depicted in Fig. 9 . Each point in this figure was obtained by conducting full 3D core calculations and iteratively reaching the equilibrium cycle. The PANTHER code provides a built-in capability for the evaluation of reactivity coefficients. Fig. 9 shows the beginning-of-cycle (BOC) core MTC as a function of PuO 2 volume fraction. As shown in the next section, the MTC becomes more negative over the course of the cycle, so the BOC MTC represents the limiting case.
The MTC is defined as the change in reactivity per one degree change in the moderator temperature, and is calculated using Eq. (2): 
Equilibrium TOX and MOX homogeneous cycle core analysis
This section reports on the results of the full-core steady-state analysis for the 17 v % TOX and 16 v % MOX Pu loaded cores mentioned in the previous section. At this stage, the loading pattern was fixed as stated in Section 3. In addition, an identical 3-batch fuel management strategy was applied to both cores.
The variation of critical boron concentration (CBC) over the course of a cycle for the two cores is shown in Fig. 10 . It can be seen that for both (TOX and MOX) cases the CBC is below 2000 ppm, as mandated by operational requirements. It should be noted that the boron (in nature 20% 10 B) was assumed to be enriched to 90% 10 B to counteract the reduced boron worth. The power peaking factors (Fig. 11) for the TOX fuel are within acceptable limits and are similar (e.g. 1.8 at BOC) to those obtained in the original I 2 S-LWR fuel cycle. In the MOX case, the total power peaking factor at BOC is higher (∼1.96) and will probably necessitate a further reduction in the initial Pu loading. The difference in initial power peaking factors can be attributed to the more moderate reactivity change in the TOX case, which creates a flatter power distribution within the core.
The reactivity coefficients are shown in Figs. 12 and 13. The MTCs are negative throughout and the curves for the TOX and MOX cases are similar.
The MTC values for both of the cycles are higher (i.e. less negative) than typical values for UO 2 fueled PWRs. This leads to a lower power defect and would be beneficial (make it easier) to provide the necessary shutdown margins. In addition, Fig. 13 shows that the Doppler coefficient (DC) is more negative in the TOX case. The DC was calculated using Eq. (2). The Pu and the transuranic (TRU) incineration efficiencies for the MOX and TOX cores are reported in Table 4 . In the TOX core, the higher initial Pu loading enables the irradiation period to be extended. As expected, the Pu burning efficiency of the TOX fuel is significantly higher than (almost double) that of the MOX fuel. Although considerably less Pu is generated in the TOX core, 233 U is being bred from 232 Th. Hence, the overall TRU destruction rates in the TOX core are higher only by a factor of 1.5. The core results presented in previous sections concluded that the TOX fuel cycle is feasible for the I 2 S-LWR and can be used to achieve a set of specific goals. Moreover, TOX fuel exhibits better performance than MOX with respect to the objectives of achieving a longer fuel cycle and higher Pu disposition rate.
This section demonstrates an additional inherent safety advantage of the TOX fuel cycle. More specifically, its safety margin to fuel melting is presented.
For this purpose, 4 different fuel options (U 3 Si 2 , UO 2 , MOX and TOX)
were investigated here. It must be noted that the pellet geometry for the U 3 Si 2 case is different (Salazar and Franceschini, 2014) from the others mainly due to its central void region to accommodate the higher swelling rate of the U 3 Si 2 fuel. For each case, a 3D assembly model was used to simulate rapid overpower events. The analyses relied on coupled neutronic-thermal-hydraulic calculations and were performed with PANTHER. Table 6 details the melting temperature, T M , and thermal conductivity of the considered fuel types. The melting points and thermal conductivities for UO 2 and MOX were taken from (Popov et al., 2000) . The thermal properties for U 3 Si 2 were obtained from (Samoilov et al., 1968) . The thermal conductivity and the fuel melting temperature for the TOX were obtained from (Cozzo et al., 2011) and (Bohler et al., 2015) , respectively.
Typically, fuel melting safety margins are defined as the difference between the maximum fuel temperature at normal operation and the melting temperature. However, previous studies (Ferroni et al., 2014) have indicated that this definition cannot adequately account for the effect of the fuel thermal conductivity. For example, for two fuel types with the same margin to melting (according to this definition of margin), the one with higher thermal conductivity would be preferable because it could tolerate a higher power increase before reaching its melting point.
In our analysis, the assembly average power was increased in order to find the overpower factor causing the maximum fuel temperature to reach the fuel melting point. This factor is representative of the safety margin to fuel melting, since it captures the effects both of the maximum fuel temperature during full power normal operation and the ease with which fuel melting conditions can then be reached.
Results are shown in Fig. 14 , which presents the overpower factor of the different fuels. The results indicate that the overpower factor of the TOX fuel is larger than that of all the others, due to its high melting point and relatively high conductivity values. 
Summary
The main objective of this study was to analyse the homogeneous Th-Pu oxide (TOX) fuel cycle for the I 2 S-LWR design. Adopting the TOX cycle facilitates longer fuel burnups that cannot be matched by either the UO 2 or U 3 Si 2 fuel cycles due to the U enrichment limitation. The new I 2 S-LWR cladding material is believed to be suitable for the goal of achieving high burnups. However, the reactor physics characteristics of the Pu fuel cycle are different from those of typical UO 2 fuel. For example, the worth of control material (e.g. boron) would be significantly lower due to the presence of Pu, which is a strong thermal absorber.
The current work illustrated some of the challenges of the Pu cycle (Section 4.2), the main one of which is ensuring a negative MTC, along with prohibitively high critical boron concentrations. While the CBC issues can be solved fairly easily by enriching the soluble boron, a careful core design process is required to ensure an acceptable MTC. Therefore, the first design stage here was to adopt a loading pattern that minimizes the value of the MTC. The next stage was to establish the maximum fraction of Pu in the fuel which ensures that all reactivity control and power peaking design limits are not violated. To satisfy these safety criteria, the TOX and MOX cores were loaded with 17 v % and 16 v % of PuO 2 , respectively. The higher initial Pu content enhances the performance of the TOX core (compared to that of the MOX core) even further. The advantages of the TOX fuel cycle are expressed in considerably higher burnup, improved
Pu incineration efficiency and enhanced safety features.
There is an additional motivation to why the proposed plutonium-thorium fuel cycle is particularly suitable for the I 2 S-LWR design. In general, increasing the discharge burnup would result in higher fission gas release. Since the original design uses the U 3 Si 2 fuel (rather than the UO 2 ) which is expected to have higher accumulation of fission gas at the crystalline grain boundaries, which gradually migrates by diffusion, the fuel pins gas plenna were increased. This design feature is extremely useful in achieving longer irradiation periods, which is the case in the proposed thorium-plutonium fuel cycle.
To conclude, this study of the Pu-Th fuel cycle for the I 2 S-LWR shows the attractiveness of high Pu contents to achieve better fuel utilization and reduced volume of high level waste.
